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Objective: Articular cartilage is roughly separated into three areas: the tangential, middle, and deep
zones. The structure and molecular components of an additional important zone, the most superﬁcial
zone (MSZ), which directly faces the joint cavity, have yet to be conclusively elucidated. The purpose of
the present study was to use multiple methods to study the MSZ in order to determine its structure.
Materials and methods: Knees from 16 pigs (age, 6 months) were used. Full-thickness cartilage specimens
were harvested from the femoral groove. The MSZ was observed using light microscopy, transmission
electron microscopy (TEM), and scanning electron microscopy (SEM) in combination with histochemical
and immunohistochemical methods.
Results: The combined ﬁndings from the three different observational methods indicate that the MSZ is
subdivided into three layers. Among these three layers, collagen subtypes I, II, and III are present in the
innermost (third) layer of the MSZ. Beneath the third layer, type II collagen is the predominant type, with
small amounts of type III collagen. This layer beneath the third layer is considered to be the tangential
layer.
Conclusions: Our observations indicate that the MSZ is subdivided into three layers. Further analysis of
the molecular components in each layer may improve our understanding of the structure of the articular
surface.
 2013 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.Introduction
Articular cartilage plays important roles in facilitating joint
motion, weight bearing, and shock absorption1. Altered properties
of articular cartilage and loss of cartilage surface are caused by
many inﬂammatory and degenerative diseases2.
Articular cartilage can roughly be separated into three zones:
the tangential zone (TZ), middle zone (MZ), and deep zone (DZ)3,4.
Many studies have focused on the structure and function of these
three zones. The TZ, which contains ﬂat cells with their longest
sides aligned parallel to the articular surface, is packed with
collagen ﬁbrils. The MZ contains round cells and randomly ar-
ranged collagen ﬁbers, whereas the DZ contains cells arrayed
cylindrically among radially oriented collagen ﬁbers. The MZ and
DZ possess a proteoglycan-rich matrix. These zones play an
important role in weight bearing and shock absorption1,5.: T. Aoyama, Human Health
rsity, 53 Kawahara-cho, Sho-
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s Research Society International. PThe existence of an additional layer has been advocated by
MacConaill (1951); this layer is located in the most superﬁcial zone
(MSZ) of the articular cartilage, facing the joint cavity directly6.
Using phase-contrast microscopy, MacConaill (1951) observed a
bright line in the MSZ, which was then named the lamina splen-
dens. The existence of the lamina splendens was subsequently
conﬁrmed using polarized microscopy7,8.
The structure and molecular composition of the MSZ is still
contentious. Ultrastructural observation using electron microscopy
revealed that the MSZ may be subdivided into several layers other
than the layer containing the lamina splendens9e11. However, ob-
servations differed between these studies, in large part owing to
the different preparative methods used for transmission electron
microscopy (TEM) and scanning electron microscopy (SEM)1,12e15.
The molecular components of the MSZ have also not yet been
fully elucidated. Type II collagen, the main collagen subtype found
in articular cartilage, is present within the TZ, MZ, and DZ. However,
previous studies have reported that the MSZ is composed of type I
and type III collagen only and lacks type II collagen, although the
manner in which the three types of collagen are layered within the
MSZ remains to be clariﬁed16,17.
The use of only one or two microscopy techniques, including
light microscopy, TEM, and, SEM, might account for the incompleteublished by Elsevier Ltd. All rights reserved.
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involved the combined use of multiple methods, viz., light micro-
scopy, TEM, and SEM in combination with histochemical and
immunohistochemical methods to characterize the MSZ. The data




Knees from 16 pigs (age, 6 months) were obtained from a
slaughterhouse. Full-thickness cartilage specimens were harvested
from the femoral groove. Five specimens were used for each
observation. Specimens were washed with phosphate-buffered
saline (PBS) (pH 7.4), and subchondral bone was cut off to avoid
the effects of decalciﬁcation treatment. Specimens of synovial tis-
sue were also dissected using a scalpel. All the animal experiments
were approved by the institutional animal research committee and
performed according to the Guidelines for Animal Experiments of
Kyoto University.
Primary antibodies
Immunohistochemical staining for types I, II, and III collagen
involved the use of monoclonal mouse anti-human type I (clone no.
I-8H5), type II (II-4C11), and type III (III-53) collagen antibodies as
primary antibodies (Daiichi Fine Chemical, Toyama, Japan).
Light microscopy
After the specimens were ﬁxed in 4% paraformaldehyde (PFA) at
4C overnight, they were rinsed in PBS (pH 7.4) for 30 min,
embedded in OCT (Sakura Finetek, CA) compound, and frozen in
liquid nitrogen prior to cryosectioning. The specimens were then
cut into 6-mm-thick sections. For all samples, hematoxylineeosin
staining and Safranin-O staining were performed in order to esti-
mate the condition of the cartilage.
Immunohistochemical staining
Sections were washed with PBS (pH7.4), and endogenous
peroxidase activity was blocked by 3% hydrogen peroxide forFig. 1. Histological investigation of the surface of the articular cartilage using light microscop
to analyze the arrangement of collagen ﬁbrils. Sections were examined using polarized ligh
collagen (f). Magniﬁcation of all images: 40. Scale bar: 100 mm.30 min at room temperature. For the detection of type I, type II, and
type III collagen, treatment with 6.25 mg/mL hyaluronidase
(SigmaeAldrich, MI) was performed for 30 min at room tempera-
ture. As primary antibodies, monoclonal mouse anti-human type I,
type II, and type III collagen antibodies, which were diluted 1:400,
1:100, and 1:200, respectively, were reacted with the sections
overnight at 4C. Subsequently, sections were reacted using the
Vector Laboratories ABC kit (Vector, CA). Staining was visualized
using an ImmPACT DAB kit (Vector, CA), with a development time
of 1e5 min. The DAB reaction was stopped by washing with tap
water, and counterstaining was subsequently performed with he-
matoxylin. Sections not reacted with the primary antibodies were
stained as negative controls. All the control samples were negative.
Electron microscopy
TEM
Specimens of cartilage were cut into cubes with approximate
volumes of 1 mm3. These were ﬁxed in solution that contained 2%
glutaraldehyde (GA)/4% PFA overnight at 4C, and then post-ﬁxed
in 1% osmic acid. Then, specimens were dehydrated with ethanol
and propylene oxide and subsequently embedded in epoxy resin.
Ultrathin sections were cut with an ultramicrotome, mounted on
grids, and stained with uranyl acetate and lead citrate. They were
examined using a HITACHI H-7650 electron microscope (Hitachi
High-Technologies, Tokyo, Japan).
SEM
Specimens were ﬁxed in solution that contained 0.1% GA and 4%
PFA overnight at 4C. After washing in 0.1 M phosphate buffer (PB),
a second ﬁxation step was performed with 1% osmic acid. Speci-
mens were dehydrated with ethanol, transferred into t-butyl
alcohol, and freeze-dried at 20C. The dried specimens were
mounted on stages, coated with platinum/palladium, and observed
using a HITACHI S-4700 electron microscope (Hitachi High-
Technologies, Tokyo, Japan).
Immunoelectron microscopy
The specimens were ﬁxed overnight at 4C in a solution that
contained 0.1% GA and 4% PFA, rinsed with 0.1 M PB, and cut into
50-mm-thick sections using a Vibratome. These sections were
treated with 6.25 mg/mL hyaluronidase for 30 min at room tem-
perature and rinsed in PBS 3 times for10 min each. Subsequently,y. (a): Hematoxylineeosin staining. (b): Safranin-O staining. (c): Picrosirius red staining
t. Immunohistochemical staining of type I collagen (d), type II collagen (e), and type III
R. Fujioka et al. / Osteoarthritis and Cartilage 21 (2013) 1092e10981094the sections were reacted with the primary antibody, which was
diluted either 1:100 (for type I and type III collagen) or 1:50 (for
type II collagen), overnight at 4C. After removal of unbound anti-
bodies by washing in PBS (three times, 20 min each), the sections
were treated with gold-conjugated second antibody (Nanoprobe,
NY) overnight at 4C. Unbound antibodies were removed by
washing in PBS (three times, 20 min each), and sections were ﬁxed
in 1% GA in 0.1 M PB for 10 min at room temperature. Sections were
rinsed in 0.1 M PB twice for 5 min each and subsequently rinsed in
distilled water twice for 5 min each. Subsequently, specimens were
reacted using the HQ SILVER ENHANCEMENT kit (Nanoprobe,
NY). Sections were then post-ﬁxed in 1% osmium tetraoxide in
0.1 M PB, dehydrated with ethanol and propylene oxide, and ﬂat-
embedded in epoxy resin. Ultrathin sections were cut with an ul-
tramicrotome, mounted on grids, and stained with uranyl acetateFig. 2. Transmission electron micrograph of the surface of the articular cartilage. (a): The o
substance (ﬁrst layer). A low-electron density layer (second layer) was observed below the
layer, TZ) beneath these two layers. The third and fourth layers were not discernible. Magniﬁ
electron density, the second layer was characterized by low electron density. The second la
bundles run parallel to the articular surface in the TZ. Magniﬁcation: 40,000. Scale bar: 2and lead citrate. They were examined using a HITACHI H-7650
electron microscope.
Results
Structure of the surface of the articular cartilage
Hematoxylineeosin staining revealed that the upper part of
articular cartilage had a layered structure [Fig. 1(a)]. Safranin-O
staining demonstrated that the MSZ lacks proteoglycan compo-
nents [Fig. 1(b)], whereas polarized light microscopy with pic-
rosirius red staining revealed that the MSZ contained collagen
ﬁbrils arranged in parallel [Fig. 1(c)].
Immunohistochemistry revealed differences in the distribution
of collagen subtypes I, II, and III. Type I collagen was prominent atutermost surface of articular cartilage was composed of an electron-dense amorphous
ﬁrst layer. Collagen bundles and chondrocytes (C) were present (third layer and fourth
cation: 1,000. Scale bar: 10 mm (b): whereas the ﬁrst layer was characterized by high
yer consisted of small ﬁbrils. Magniﬁcation: 10,000. Scale bar: 500 nm (c): Collagen
00 nm.
Fig. 3. Scanning electron micrographs of the surface of the articular cartilage. (a):Amorphous material covering most of the surface of the articular cartilage (ﬁrst layer). Beneath the
ﬁrst layer was a layer of collagen ﬁbrils (third layer; white arrows). In the TZ, ﬂat chondrocytes appeared to be located between layers of collagen bundles. C, chondrocyte.
Magniﬁcation: 2,000. Scale bar: 2 mm (b): high-magniﬁcation scanning electron micrograph of the surface of the articular cartilage. The third layer consisted of packed collagen
ﬁbrils (bidirectional arrow). It was distinctly different from the deeper TZ. S, surface. Magniﬁcation: 7,000. Scale bar: 2 mm.
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[Fig. 1(d)]. Type II collagen was observed distributed uniformly
throughout the cartilage [Fig. 1(e)]. Type III collagen [Fig. 1(f)] was
prominent at the upper part of articular cartilage, similar to type I,Fig. 4. Immunoelectron micrographs for collagen types I, II, and III. (a): Non-immunorea
cartilage. The ﬁrst layer and second layer (arrows) were observed across the surface. Benea
fourth layer, TZ). The third layer was not distinct in this micrograph. Magniﬁcation: 1,50
labeling was observed within the third layer (bidirectional arrow). No labeling was seen
tron micrograph of type II collagen. Immunogold-labeling was observed throughout
Magniﬁcation: 1,200. Scale bar: 2 mm (d): immunoelectron micrograph for type III collagen
fourth layer (TZ; bidirectional arrow). Labeling was not seen in either the ﬁrst or second laalthough the area in which the signal was positive was broader
than that observed for type I collagen [Fig. 1(e)]. Sections from the
synovium, which contains collagen of both types I and III, were
stained in the same way to validate these results.cted (conventional) transmission electron micrograph of the surface of the articular
th these layers, collagen bundles and chondrocytes (C) were present (third layer and
0. Scale bar: 2 mm (b): immunoelectron micrograph of type I collagen. Immunogold-
in the ﬁrst or second layer. Magniﬁcation: 1,200. Scale bar: 2 mm (c): immunoelec-
the cartilage (bidirectional arrow), but not in the ﬁrst layer and second layers.
. Immunogold-labeling was observed within the third layer and in the upper part of the
yer. Magniﬁcation: 1,200. Scale bar: 2 mm.
R. Fujioka et al. / Osteoarthritis and Cartilage 21 (2013) 1092e10981096Ultrastructure of the MSZ
The combined use of TEM, SEM, and TEM combined with
immunohistochemistry in the present study revealed that the MSZ
is subdivided into three layers. The three layers were named the
ﬁrst (outermost and closest to the surface), second (middle), and
third (innermost and furthest from the surface) layers, with the
fourth layer being the TZ.
As observed using TEM (Fig. 2), the ﬁrst layer of the MSZ
comprised electron-dense amorphous material [Fig. 2(a, b)], was
very fragile, and was easy to remove. The second layer was rich in
small ﬁbrils and was 1e3 mm thick. This layer was detectable as
tissue with comparatively lower electron density beneath the ﬁrst
layer [Fig. 2(a, b)]. The second layer was thin and was occasionally
not detected. The third and fourth layers were not discernible using
standard TEM. The layer beneath the second layer contained
chondrocytes (C) and cartilage collagen bundles, which ran parallel
to the surface of the joint [Fig. 2(a, c)].
Consistent with the ﬁndings using TEM, SEM revealed that the
ﬁrst layer comprised an amorphous substance, although the second
layer could not be detected. A layer of collagen ﬁbrils (third layer)
lay beneath the ﬁrst layer [Fig. 3(a), white arrow; Fig. 3(b),Fig. 5. Schema of the surface of the articular cartilage. (a): Schema of the surface of the articu
layer comprises an amorphous substance, the second layer is a low-electron density layer, an
from that of the TZ. The thickness of each layer is provided below each layer. (b): Localiza
observed in the third layer and the upper zone of the TZ. Type II collagenwas observed in the
type I collagen.bidirectional arrow]. It seems obvious that different layers be
distinct from one another. The third layer contained extracellular
materials, in which collagen ﬁbrils were arranged parallel to the
articular surface at a density higher than that found in the fourth
layer (TZ). In the TZ, chondrocytes with a ﬂat morphology appeared
to be located between the layers of collagen bundles [Fig. 3(a)].
Localization of collagen subtypes in the MSZ
Combined use of TEM and immunohistochemistry revealed the
detailed distribution of collagen subtypes I, II, and III in theMSZ and
TZ. Immunoelectron microscopy of type I collagen samples showed
that the immunogold-labeled signal was distributed only in the
third layer, which was 4e8 mm thick [Figs. 2, 4(a, b)], whereas type
II collagen was present in the third and fourth (TZ) layers [Fig. 4(a,
c)]. Type III collagenwas present in the third layer and in the upper
part of the fourth (TZ) layer [Fig. 4(a, d)].
Discussion
In the present study, the MSZ was observed using light micro-
scopy, TEM, and SEM in combination with histochemical andlar cartilage. There are three different layers in the outermost superﬁcial zone. The ﬁrst
d the third layer consists of packed collagen ﬁbrils. The orientation of collagen differed
tion of collagen subtypes at the surface of the articular cartilage. Type I collagen was
third layer and in the entire TZ. Type III collagenwas more extensively distributed than
R. Fujioka et al. / Osteoarthritis and Cartilage 21 (2013) 1092e1098 1097immunohistochemical methods. The combined results from the
different methods indicated that the MSZ is subdivided into three
layers (Fig. 5). For the fourth layer (TZ), TEM and SEM micrographs
resembled those from previous reports, with ﬂat cells located
parallel to the surface found beneath the collagen ﬁbrils.
The ﬁrst layer was recognizable both by TEM and SEM as con-
taining an amorphous substance, and no collagen subtypes were
detected in this layer in the present study. The presence of such a
layer has been already reported bymany studies9e11,14,18e20. Several
studies have also reported that the amorphous substance that
makes up this layer contains lipids, proteins, and pro-
teoglycans15,21e23. Moreover, the presence of ﬁbronectin in this
layer has been conﬁrmed by immunoelectron microscopy20,24,25.
Given that TEM, but not SEM, revealed that the second layer is
rich in small ﬁbrils, the existence of this second layer is question-
able. Previous studies that used cryo-TEM or other non-
conventional preparations failed to demonstrate a layer that re-
sembles this second layer15,19. The possibility cannot be eliminated
that the second layer is an artifact associated with the preparation
of the sample for analysis.
The fourth layer (TZ), which is characterized by a collagen
network structure, has beenwell-documented in articular cartilage.
In the present study, the border between the third and the foutth
layers was not detected using standard TEM, possibly as a conse-
quence of the high similarity of the two layers. Distinct differences
in the collagen subtypes found in the two layers indicated differ-
ences in their molecular compositions. All collagen subtypes
examined were located in the vicinity of the third layer but were
not present in the ﬁrst and second layers. Our immunohisto-
chemical data, as well as ﬁndings reported previously17, which used
light microscopy to indicate the presence of collagen subtypes I and
III in the MSZ, may indicate the presence of collagen ﬁbers in the
third layer. The lamina splendens, which was previously examined
using phase-contrast light microscopy and polarized microscopy6,8,
may also correspond to the third layer.
A previous study26e29 indicated that variations in the compo-
sition of collagen accounted for structural differences in the fea-
tures of different types of collagen. Whereas type I and type III
collagen form heterotypic ﬁbrils26, type III collagen copolymerizes
with type II collagen, forming a minor component of cartilage27.
These differences might also account for mechanical differences
between different types of collagen28,29. It is also possible that the
composition of collagen inﬂuences the biomechanical properties
and functions of each MSZ layer. Further functional and biome-
chanical analyses of the MSZ will be necessary to determine its role
in articular joints.
In the present study, the femoral groove of the knee joints of 6-
month-old porcine was chosen, given the need to avoid deterio-
ration of the MSZ. The MSZ layers in joints from older animals are
more likely to have accumulated damage due to daily loading and
aging, which might prevent accurate analyses. Comparison of our
ﬁndings with those of others should consider differences that
might be attributed to the species and age of animals from which
samples were collected, as well as the anatomical position of the
specimens. Differences between species were previously linked to
different features associated with the function and structure of
cartilage30.
The anatomical term for theMSZ is still amatter for debate. Some
studies have obscurely referred to theMSZ as the lamina splendens,
which could representeitheroneor twoof these three layers9,13,30,31,
whereas other studies have proposed novel terms10,11,14,15,18,32. The
use of histological methods in the present study has revealed the
layered structure of the MSZ. The results showed that the collagen
components of each layer, called “lamina splendens,”may not apply
to the entire MSZ structure, but only to the third layer.Author contributions
Rune Fujioka performed the experiments, interpreted the data,
and drafted the manuscript.
Tomoki Aoyama provided ﬁnancial support, designed the study,
and drafted the manuscript.
Tetsuya Takakuwa gave ﬁnal approval for the manuscript to be
submitted.
Conﬂict of interest
None of the authors have any conﬂicts of interest.
Role of the funding source
This work was supported by Grants-in-aid for Scientiﬁc Research
from the Ministry of Education, Culture, Sports, Science, and
Technology.
Acknowledgments
I wish to thank Mrs. Keiko Okamoto-Furuta and Mr. Haruyasu
Kohda (Division of Electron Microscopic Study, Center for
Anatomical Studies, Graduate School of Medicine, Kyoto University)
for their helpful advice and technical support with electron mi-
croscopy. I would also like to thank Professor R. Teshima, Depart-
ment of Orthopaedic Surgery, Faculty of Medicine, Tottori
University, for his advice. Special thanks are due to Ms. A. Yamaoka
for preparing the cartilage diagrams and to the staff at the Kuroki
Laboratory for the technical support.
References
1. Poole CA, Flint MH, Beaumont BW. Morphological and func-
tional interrelationships of articular-cartilage matrices. J Anat
1984;138:113e38.
2. Goldring MB, Marcu KB. Cartilage homeostasis in health and
rheumatic diseases. Arthritis Res Ther 2009;11.
3. Poole AR, Pidoux I, Reiner A, Rosenberg L. An immunoelectron
microscope study of the organization of proteoglycan mono-
mer, link protein, and collagen in the matrix of articular-
cartilage. J Cell Biol 1982;93:921e37.
4. Hunziker EB, Michel M, Studer D. Ultrastructure of adult hu-
man articular cartilage matrix after cryotechnical processing.
Microsc Res Tech 1997;37:271e84.
5. Darling EM, Hu JCY, Athanasiou KA. Zonal and topographical
differences in articular cartilage gene expression. J Orthop Res
2004;22:1182e7.
6. MacConaill MA. The movements of bones and joints.4. The
mechanical structure of articulating cartilage. J Bone Joint Surg
Br 1951;33:251e7.
7. Aspden RM, Hukins DWL. Lamina splendens of articular-
cartilage is an artifact of phase-contrast microscopy. Proc R
Soc Lond B Biol Sci 1979;206:109e13.
8. Dunham J, Shackleton DR, Billingham MEJ, Bitensky L,
Chayen J, Muir IH. A reappraisal of the structure of normal
canine articular-cartilage. J Anat 1988;157:89e99.
9. Weiss C, Rosenber L, Helfet AJ. An ultrastructural study of
normal young adult human articular cartilage. J Bone Joint
Surg Am 1968;A 50:663e74.
10. Ghadially FN, Yong NK, Lalonde JMA. A transmission electron-
microscopic comparison of the articular surface of cartilage
processed attached to bone and detached from bone. J Anat
1982;135:685e706.
11. Orford CR, Gardner DL. Ultrastructural histochemistry of the
surface lamina of normal articular-cartilage. Histochem J
1985;17:223e33.
R. Fujioka et al. / Osteoarthritis and Cartilage 21 (2013) 1092e1098109812. Clark JM. The organization of collagen ﬁbrils in the superﬁcial
zones of articular-cartilage. J Anat 1990;171:117e30.
13. Jeffery AK, Blunn GW, Archer CW, Bentley G. 3-Dimensional
collagen architecture in bovine articular-cartilage. J Bone Joint
Surg Br 1991;73:795e801.
14. Kobayashi S, Yonekubo S, Kurogouchi Y. Cryoscanning
electron-microscopic study of the surface amorphous layer of
articular-cartilage. J Anat 1995;187:429e44.
15. Watanabe M, Leng CG, Toriumi H, Hamada Y, Akamatsu N,
Ohno S. Ultrastructural study of upper surface layer in rat
articular cartilage by “in vivo cryotechnique” combined with
various treatments. Med Electron Microsc 2000;33:16e24.
16. Aigner T, Bertling W, Stoss H, Weseloh G, Vondermark K. In-
dependent expression of ﬁbril-forming collagen-I, collagen-II,
and collagen-III in chondrocytes of human osteoarthritic
cartilage. J Clin Invest 1993;91:829e37.
17. Teshima R, OnoM, Yamashita Y, HirakawaH, Nawata K,Morio Y.
Immunohistochemical collagen analysis of the most superﬁcial
layer in adult articular cartilage. J Orthop Sci 2004;9:270e3.
18. Kobayashi S, Yonekubo S, Kurogouchi Y. Cryoscanning electron
microscopy of loaded articular cartilage with special reference
to the surface amorphous layer. J Anat 1996;188:311e22.
19. Yoshida M, Zea-Aragon Z, Ohtsuki K, Ohnishi M, Ohno S. Ul-
trastructural study of upper surface layer in rat mandibular
condylar cartilage by quick-freezing method. Histol Histo-
pathol 2004;19:1033e41.
20. Zea-Aragon Z, Ohtsuki K, Ohnishi M, Ohno S. Immunohisto-
chemical study of the upper surface layer in rat mandibular
condylar cartilage. Histol Histopathol 2004;19:29e36.
21. Laverrudich Z, Silbermann M. Cartilage surface-charge e a
possible determinant in aging and osteoarthritic processes.
Arthritis Rheum 1985;28:660e70.
22. StanescuR.Effects of enzymaticdigestionson thenegative charge
of articular-cartilage surfaces. J Rheumatol 1985;12:833e40.
23. Jurvelin JS, Muller DJ, Wong M, Studer D, Engel A, Hunziker EB.
Surface and subsurfacemorphology of bovine humeral articularcartilage as assessed by atomic force and transmission electron
microscopy. J Struct Biol 1996;117:45e54.
24. Nishida K, Inoue H, Murakami T. Immunohistochemical
demonstration of ﬁbronectin in the most superﬁcial layer of
normal rabbit articular-cartilage. Ann Rheum Dis 1995;54:
995e8.
25. Zea-Aragon Z, Terada N, Ohno N, Fujii Y, Baba T, Yoshida M,
et al. Replica immunoelectron microscopic study of the upper
surface layer in rat mandibular condylar cartilage by a quick-
freezing method. Histochem Cell Biol 2004;121:255e9.
26. Cameron GJ, Alberts IL, Laing JH, Wess TJ. Structure of type I
and type III heterotypic collagen ﬁbrils: an X-ray diffraction
study. J Struct Biol 2002;137:15e22.
27. Eyre DR. Collagens and cartilage matrix homeostasis. Clin
Orthop Relat Res 2004;(427 Suppl):S118e22.
28. Räsänen LP, Mononen ME, Nieminen MT, Lammentausta E,
Jurvelin JS, Korhonen RK, OAI Investigators. Implementation of
subject-speciﬁc collagen architecture of cartilage into a 2D
computational model of a knee jointedata from the Osteoar-
thritis Initiative (OAI). J Orthop Res 2013;31:10e22.
29. Mononen ME, Mikkola MT, Julkunen P, Ojala R, Nieminen MT,
Jurvelin JS, et al. Effect of superﬁcial collagen patterns and
ﬁbrillation of femoral articular cartilage on knee joint
mechanics-a 3D ﬁnite element analysis. J Biomech 2012;45:
579e87.
30. Clark JM. The organization of collagen in cryofractured rabbit
articular-cartilage e a scanning electron-microscopic study.
J Orthop Res 1985;3:17e29.
31. Hughes LC, Archer CW, ap Gwynn I. The ultrastructure of
mouse articular cartilage: collagen orientation and implica-
tions for tissue functionality. A polarised light and scanning
electron microscope study and review. Eur Cell Mater 2005;9:
68e84.
32. Teshima R, Otsuka T, Takasu N, Yamagata N, Yamamoto K.
Structure of the most superﬁcial layer of articular-cartilage.
J Bone Joint Surg Br 1995;77B:460e4.
